24 Nile tilapia (Oreochromis niloticus) is one of the most produced farmed fish in the 25 world and represents an important source of protein for human consumption. Farmed 26 Nile tilapia populations are increasingly based on genetically improved stocks, which 27 have been established from admixed populations. To date, there is scarce information 28 about the population genomics of farmed Nile tilapia, assessed by dense single 29 nucleotide polymorphism (SNP) panels. The patterns of linkage disequilibrium (LD) 30 may affect the success of genome-wide association studies (GWAS) and genomic 31 selection and can also provide key information about demographic history of farmed 32 Nile tilapia populations. The objectives of this study were to provide further knowledge 33 about the population structure and LD patterns, as well as, estimate the effective 34 population size (Ne) for three farmed Nile tilapia populations, one from Brazil (POP A) 35 and two from Costa Rica (POP B and POP C). A total of 55, 56 and 57 individuals from 36 POP A, POP B and POP C, respectively, were genotyped using a 50K SNP panel 37 selected from a whole-genome sequencing (WGS) experiment. Two principal 38 components explained about 20% of the total variation and clearly discriminated 39 between the three populations. Population genetic structure analysis showed evidence of 40 admixture, especially for POP C. The contemporary Ne values calculated based to LD 41 values, ranged from 71 to 141. No differences were observed in the LD decay among 42 populations, with a rapid decrease of r 2 when increasing inter-marker distance. Average 43 r 2 between adjacent SNP pairs ranged from 0.03 to 0.18, 0.03 to 0.17 and 0.03 to 0.16 44 for POP A, POP B and POP C, respectively. Based on the number of independent 45 chromosome segments in the Nile tilapia genome, at least 4.2 K SNP are required for 46 the implementation of GWAS and genomic selection in farmed Nile tilapia populations. niloticus, population structure
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Introduction within a population is important to determine the number of markers that are required 91 for successful association mapping and genomic selection (Brito et al., 2015; de Roos et 92 al., 2008; Khatkar et al., 2008; Porto-Neto et al., 2014) . To achieve a low LD level 93 requires a higher marker density to enable markers to capture most of the genetic 94 variation in a population (Khatkar et al., 2008) . The demographic history of farmed fish 95 populations is one of factors that can affect the extent and decay of LD, which in turn 96 may affect the success of GWAS and genomic prediction. In addition, LD patterns 97 provide relevant information about past demographic events including response to both 98 natural and artificial selection (Slatkin, 2008) . The LD throughout the genome, besides 99 reflecting the population history, provides insight about the breeding system and pattern 100 of geographic subdivision, which can be explored to study the degree of diversity in 101 different populations. 102
To date, the most widely used measures of LD between two loci are r 2 and Lewontin's 103 et al., 2017) , rainbow trout (Rexroad and Vallejo, 2009; Vallejo et al., 2018) , coho 116 salmon (Barria et al., 2018a) and Atlantic salmon (Barria et al., 2018c; Gutierrez et al., 117 2015; Hayes et al., 2006; Kijas et al., 2016) . However, to date there is scarce 118 information about population genomic structure and LD in farmed Nile tilapia assessed 119 by the use of dense SNP panels. For instance, the assessment of LD patterns in Nile 120 tilapia is still limited to a few studies in which either a small number of markers (14 121 microsatellites) (Sukmanomon et al., 2012) and individuals (4 to 23 samples) (Hong Xia 122 et al., 2015) have been used. The objectives of the present study were to (i) estimate the 123 population structure and genetic differentiation; (ii) assess the genome-wide levels of 124 LD and (iii) determine the effective population size among three Nile tilapia breeding 125 populations established in Latin America. 126
127
Methods 128 three breeding populations are considered recently admixed populations; which are 140 directly or indirectly related to the GIFT strain and have been artificially selected to 141 improve growth-related traits. The average relatedness between individuals, within each 142 population, was estimated using Plink v1.90 (Purcell et al., 2007) . 143
144
Genotyping 145 The genotypes were selected from a whole-genome sequencing experiment aimed at 146 designing a 50K SNP Illumina BeadChip, which is described in detail in Yáñez et al. 147 (submitted) . Briefly, a total of 59, 126 and 141 individuals were fin-clip sampled for 148 POP A, POP B and POP C, respectively. Genomic DNA was purified from all the 149 samples using the DNeasy Blood & Tissue Kit (QIAGEN) according to the 150 manufactured's protocol. Whole-genome sequencing was performed using multiplexing 151 of four bar-coded samples per lane of 100bp paired-end in the Illumina HiSeq 2500 152 machine. The sequences were trimmed and aligned against the genome assembly 153
O_niloticus_UMD1 (Conte et al., 2017) . About 36 million polymorphic sites were 154 discovered after variant calling using the Genome Analysis Toolkit GATK (McKenna et 155 al., 2010) . A list of 50K SNP were selected based on quality of genotype and site, 156 number of missing values, minor allele frequency (MAF), unique position in the 157 genome and even distribution across the genome as described by Yáñez et al 158 (submitted) . Furthermore, genotype quality control (QC) was performed within each 159 population excluding SNPs with MAF lower than 5%, Hardy-Weinberg Equilibrium P-160 value < 1e-06, and missing genotype higher than 70%. Animals with a genotype call 161 rate below 95% were discarded. Afterwards, to use a similar sample size among 162 populations, animals from POP B and POP C with high identical by descent (IBD) were excluded. The SNP markers used in the subsequent analyses are those common among 164 the three populations after QC. 165 166
Population structure 167
We used the software Plink v1.09 (Purcell et al., 2007) to calculate the heterozygosity 168 observed (Ho) and expected (He) for the three populations and for genetic differentiation 169 through principal component analysis (PCA). The results of the first two PCAs were 170 plotted along two axes using R scripts (R Core Team, 2016) . Additionally, the 171 population structure was examined using a hierarchical Bayesian model implemented in 172 STRUCTURE software v.2.3.4 (Pritchard et al., 2000) . We used three replicates of K 173 value ranging from 1 to 10, a burn-in of 20,000 iterations and running of 50,000. To 174 choose the best K value we computed the posterior probability of each K as suggested 175 by Pritchard et al., (2000) . 176 effective population size (Ne). Considering the LD within each population, Ne was 187 estimated using the following equation proposed by Corbin et al., (2012) : 188
where Net is the effective population size t generations ago, ct represents the 190 recombination rate t generations ago, which is proportional to the physical distance 191 between SNP pair markers, r 2 adj is the estimated LD corrected for sample size and α is 192 the adjustment for mutation rate (α = 2, indicate the presence of mutation). We grouped 193 the data in 30 distance bins of 50 Kb each. Based on the relatively small number of SNP 194 per chromosome, Ne per chromosome was calculated using harmonic mean (Alvarenga 195 et al., 2018) . Using the LD method, we calculated the contemporary population size 
Quality control 201
Out of the initial 50K SNP, a total of 31,176 markers were shared among the three 202 populations after QC criteria. The MAF < 0.05 excluded the higher number of SNPs (~ 203 9.7K on average). After QC, all three populations showed a similar mean MAF value of 204 0.26 ± 0.13. The proportion of SNPs for each MAF class was very similar among the 205 populations (Figure 1) . The lower (~ 0.15) and higher (~ 0.25) proportion of SNP were 206 observed in the MAF classes ranging from 0.05 to 0.09 and 0.10 to 0.19, respectively. 207
To conduct downstream analysis, we used 55, 56 and 57 animals for POP A, POP B and IBD, among all sequenced animals, within each population. Average relatedness among 210 the selected individuals was equal to zero within populations. 211 212
Population structure 213
Upon plotting the first two eigenvectors on the PCA plot, the three populations were 214 stratified based on the single dimensional variation between them. The first two 215 principal components together accounted for 20.0% of the genetic variation, clearly 216 revealing the three different populations (Figure 2) . PCA1 discriminates between 217 populations from Brazil and Costa Rica and accounted for 11.3% of the total genetic 218 variation. The second principal component explains 8.7% of the total variance and 219 separated the two populations from Costa Rica into two different clusters. To assess the 220 genetic diversity among populations, we calculated the observed/expected 221 heterozygosity ratio (Ho/He). We found values of 0.23/0.37, 0.26/0.35 and 0.24/0.35 for 222 POP A, POP B and POP C respectively. 223
In the admixture analysis, by computing the posterior probabilities of each K, the best 224 result was K = 9. Different genomic clustering levels and a high level of admixture was 225 observed for the three populations studied. POP B and POP C showed higher similarity 226 between each other, than with POP A. For all populations some individuals contained a 227 level of genetic variation from another population; however, POP B shared a high 228 proportion (>0.25) of one subpopulation common to POP A (red color) and POP B 229 (orange color) (Figure 3) . STRUCTURE results evaluating K values from 2 to 10 are 230 presented in Supplementary File 1. 231
Estimation of linkage disequilibrium and effective population size 233
The overall mean LD between marker pairs measured by r 2 was 0.06 for both POP A 234 and POP C, and slightly lower (0.05) for POP B (Table 1) . In general, the average LD 235 among chromosomes ranged from 0.04 to 0.08 for all populations ( Table 1) . From one 236 to 10,000 Kb, the average of r 2 decreased with increasing physical distance between 237 markers, from 0.18 to 0.03, 0.17 to 0.03 and 0.16 to 0.03 for POP A, POP B and POP C, 238
respectively. In addition, the average LD decayed to less than 0.05 within 4 Mb (Figure  239 4), and this rate of decrease was very similar across all of the chromosomes for the three 240 populations (Supplementary File 2 to 4) . 241 In the PCA, the first two principal components explained about 20% of the total genetic 252 variation for the populations studied and clearly revealed three different clusters, 253
corresponding to the three populations present in the dataset (Figure 2) . In addition, the 254 lowest values of Ho for POP A and POP C suggest a loss of genetic diversity due to 255 found effect, effective population size, or the sample size used in this study. conform highly admixture populations. Although the PCA demonstrates three distinct 258 populations, the admixture analysis showed that, in fact, the three Nile tilapia 259 populations studied are related through the common GIFT origin. The genetic 260 differentiation among populations may have been be partly generated by genetic drift or 261 founder effect events which can have a pronounced effect on allele frequencies 262 (Allendorf and Phelps, 1980) . Furthermore, the three populations have undergone 263 artificial selection for the improvement of growth-related traits in different geographic 264 locations exposing the populations to distinct environmental conditions and production 265 systems (POP A and both POP B and C, in Brazil and Cost Rica, respectively). Previous 266 studies suggest, the introgression of other tilapia species or strains, such as O. 267 mossambicus or the Chitralada strain, into the GIFT stocks (McKinna et al., 2010; 268 Sukmanomon et al., 2012; Xia et al., 2014) . 269 270
Linkage disequilibrium and effective population size 271
Evaluating the whole-genome LD within populations, may help to understand the 272 different demographic processes experienced by these populations. These processes 273 include admixture, mutation, founder effect, inbreeding and selection (Gaut and Long, 274 2003) . This is the first study aimed at estimating the extent and decay of LD in farmed 275
Nile tilapia populations established in Latin America (specifically, Brazil and Costa 276 Rica), and artificially selected for growth-related traits. Previously, it has been 277 suggested that due to high kinship relationships high levels of IBD among samples may 278 inflate the LD estimate (Gutierrez et al., 2015) . Thus, to reduce differences in average sampling effect, we used a similar number of animals from each population. Another 281 factor that may influence the LD estimate is MAF distributions (Espigolan et al., 2013) . 282
High frequency alleles result in less biased LD estimations. In the present study a small 283 proportion of SNP (<15%) have MAF lower than 0.10 and low IBD values indicating an 284 accurate estimation of LD. We used the squared correlation of allele frequencies as a 285 measure of LD instead of |D'| to avoid overestimations of LD due the small sample size 286 (Khatkar et al., 2008) . The number of animals to estimate the LD accurately depends on 287 the demographic and population history. POP A, POP B and POP C each had >55 288 individuals as suggested by Bohmanova et al., (2010) and Khatkar et al., (2008) . 289
We observed on chromosome LG13 and LG19, a pool of r 2 values >0.40 for pair-wise 290 SNP at large distances (>7 Mb; Supplementary File 2-4) , but a LD decline when 291 physical distance between markers increases is expected. Incorrect position of SNPs 292 on the reference genome or errors in the reference genome assembly may be resulted in 293 errors in the estimates. Our study revealed that the LD level declined to 0.05 at 4000 Kb 294 inter-marker distance and that decay patterns were similar between populations ( Figure  295   4) . A previous study conducted by Hong Xia et al., (2015) reported similar LD patterns 296 for GIFT tilapia stocks collected from South Africa, Singapore and China. Using 297 microsatellite loci Sukmanomon et al., (2012) estimated LD means in terms of 298 disequilibrium coefficient (D') of 0.05 for a GIFT population originally from the 299
Philippines. 300
Although most of the time, differences between genomes, the quality control applied 301 and population structure make LD comparison of different species inappropriate, here 302 we used references from other farmed fish species because of the limited information 303 that exists for this kind of study in tilapia. Thus, the Nile tilapia populations seems to 304 present smaller levels of LD than other farmed fish populations (Barria et al., 2018b;  likely explanation is due the diverse origin of the studied Nile tilapia populations, as 307 was suggested for a Chilean farmed Atlantic salmon population with Norgewian origin 308 (Barria et al. 2018c ). In salmonids, some suggest admixture is a major factor 309 contributing to long-range LD (Barria et al., 2018c; Ødegård et al., 2014; Vallejo et al., 310 2018) . Our admixture results suggested, as expected, high evidences that the Nile tilapia 311 populations have recent history of admixture with wild stocks or different strains, but 312 not resulted in long-range LD. 313
For Nile tilapia, the effective population size could be the primary cause for the LD 314 values in POP A, POP B and POP C. LD at a short distance is a function of effective 315 population size many generations ago and LD at long distances reflect the recent 316 population history. The LD estimation for POP A resulted in slightly different values at 317 small distance compared to POP B and POP C, whereas at large distance the differences 318 were more evident for POP C (Figure 4) . These results were reflected in smaller Ne of 319 many generations ago for POP A and smaller Ne in the recent past for POP C (Figure  320 smaller Ne was found for for rainbow trout (Vallejo et al., 2018) and Atlantic salmon 330 from North America, Europe (Barria et al., 2018c) and Tasmania (Kijas et al., 2016) . 331
In summary, within tilapia populations, the LD values were very low even in short 332 distances (r 2 = 0.15 for markers spaced at 20-80 Kb). Similar values were found in 333 humans (Ardlie et al., 2002; Reich et al., 2001) , coho salmon (Barria et al., 2018a) , 334 some breeds of cattle (de Roos et al., 2008; Khatkar et al., 2008; Yurchenko et al., 335 2018) , sheep (Alvarenga et al., 2018) and goats (Brito et al., 2015) . Therefore, our LD 336 results have several implications for future implementation of genomic tools in Nile 337 tilapia. Both GWAS and genomic selection are dependent on LD extent to define the 338 number of SNPs necessary to assure the causative mutation variance (Flint-Garcia et al., 339 2003) and to achieve a certain accuracy of genomic estimated breeding value 340 (Meuwissen et al., 2001) . Meuwissen (2009) suggested that to achieve accuracies of 341 genomic breeding (GEBV) ranging from 0.88 to 0.93 using unrelated individuals; it is 342 necessary to have 2N e L number of individuals and 10N e L number of markers, where L 343 is the length of genome in Morgans. In our study, the contemporary Ne is 141, 114 and 344 71 for POP A, POP B and POP C, respectively, and the length of the genome is 14.8 345
Morgans (Conte et al., 2018) . Thus the 11,000 to 21,000 markers are required for Nile 346 tilapia populations. In contrast, Goddard (2009) suggested that accuracy of genomic 347 prediction is highly dependent on the effective number of chromosome segments 348 (M e =4N e L). Having a number of independent, biallelic and additive QTL affecting the 349 trait means we would need a smaller number of markers to achieve a high accuracy. 350
Thus, the minimum number of markers for a high power genomic analysis should be at 351 least, 8, 300, 6, 700 and 4, 200 for POP A, POP B and POP C, respectively; numbers 352 slightly lower than those suggested by Vallejo et al. (2018) and Barria et al. (2018a) for also depend on other factors such as the number of individuals genotyped and 356 phenotyped in the training population and the heritability and number of loci affecting 357 the trait (Daetwyler et al., 2008; Goddard, 2009) . In preliminary studies of genomic 358 prediction for Nile tilapia, we found high accuracies of GEBV (results not show) for 359 complex traits, using a similar number of markers but a smaller number of animals 360 suggested by Meuwissen (2009) . However, this is our first genomic prediction analysis 361 and we have still to test other experimental designs, marker density and methods to 362 confirm the relationship between the number of markers and accuracy of GEBV. Once 363 completed, it will be possible to cost-effectively include genomic information in Nile 364 tilapia breeding programs. 365
366
Conclusions 367
The current study revealed similar short-range LD decay for three farmed Nile tilapia 368 populations. The PCA suggested three distinct populations, whereas the admixture 369 analysis confirmed that these three populations are highly admixed and are directly or 370 indirectly related to the same GIFT strain origin. Based on the number of independent 371 chromosome segments, at least 4. 
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